Purpose: This study was conducted to determine 1) the concentration of hyaluronan (HA) in the tear films of contact lens (CL) wearers versus non-CL wearers and 2) whether HA sorbed from Biotrue, an HA-containing multipurpose solution (MPS), onto senofilcon A lenses affects the concentration of HA in tears after 2 hours of wear. Patients and methods: Tears of habitual CL wearers and non-CL wearers were collected on Schirmer strips at baseline and after 2 hours of wear of senofilcon A CLs that had first been either rinsed with Sensitive Eyes Saline or soaked in Biotrue MPS for 14 hours. HA concentrations were measured by enzyme-linked immunosorbent assay (ELISA) and adjusted for sample volumes. Results: No difference in baseline concentrations of HA in tears was found between CL wearers and non-CL wearers (P=0.07), nor between males and females (P=0.06). However, age was significantly negatively associated with HA concentration (P,0.01), and mostly, CL wear contributed to a significant association (P,0.01). Among saline-rinsed CL wearers, no change in HA concentration in tears was observed after 2 hours of wear (P=0.38). By contrast, a significant increase in HA concentration was observed in the tears from eyes that had worn CLs soaked in Biotrue MPS when compared to baseline (P=0.01) or to saline-rinsed control (P=0.03). Conclusion: 1) In this study population, no difference in baseline concentration of HA was observed between CL wearers and non-CL wearers, and 2) after 2 hours of wear of senofilcon A lenses that were soaked in Biotrue MPS, HA concentrations in the tear films of CL wearers increased.
Introduction
The glycosaminoglycan hyaluronan (HA) is a biological polymer of repeating glucuronic acid and N-acetyl-d-glucosamine disaccharide units present throughout the human body. 1 Its molecular structure is highly conserved in mammals; the molecule is recognized by various cell surface receptors that signal for subsequent biological events, particularly during development and at sites of wound healing. 2 In addition, HA is rich in chemical moieties that bind water. 3 Its distribution is site specific, but in many structures, it is colocated with CD44, a cell surface receptor for both HA and fibronectin.
Ha in the eye
HA is present in many ocular structures including lacrimal tissue, conjunctival epithelium, conjunctival stroma, corneal epithelium, corneal endothelium, stroma of the peripheral cornea, keratocytes, and extracellular matrix, as well as in most biological fluids including tears. 9 Among its reported functions is the promotion of corneal epithelial migration and wound healing, 4, 5, 10 possibly by the stimulation of epithelial cell proliferation. 4, 5, 11, 12 An additional receptor called the receptor for HA-mediated motility is implicated in cellular uptake of HA. 13 Table 1 summarizes numerous reports that describe the advantages of HA to the tear film and the corneal surface.
The hydrophilic and hygroscopic characteristics of HA are well described. 14, 15 Its presence in the corneal surface promotes water retention and increases wettability. [16] [17] [18] [19] Although histological studies implicate corneal stromal cells as a possible source of HA in the eye, 4 its presence in natural tears 9, 20 suggests that tear-born HA might sorb on corneal epithelium through the CD44 receptor and stabilize the preocular tear film. 5 However, the "normal" concentration of HA in natural tears remains unclear, with relatively low concentrations but large ranges (from undetectable to 840.6×10 3 ng/mL) reported in normal eyes and similarly low concentrations but smaller ranges (1.4-40×10 3 ng/mL) reported in eyes of contact lens (CL) wearers and dry eye patients. 21 
Supplementation of tear Ha
Ophthalmic uses of HA, including as a tear supplement, are well reviewed. 8, 22, 23 Numerous studies report that eye drops containing HA are effective at alleviating the symptoms of dry eye. 17, 18, 24, 25 As HA has a unique combination of mucoadhesive and hygroscopic characteristics, it can both bind water and adhere to the ocular surface.
HA can also be applied to the eyes of CL wearers through eye drops. Gurny et al reported zero-order clearance of HA for the first 195s after instillation of HA solutions and the persistence of half or more of the instilled HA in the precorneal area after 20 minutes, depending upon solution concentration. 26 Kaya et al reported that a commercial HA-containing eye drop increased tear film thickness (in the absence of CL) for as long as 30 minutes. 27 Similarly, Garcia-Lázaro et al 28 reported that a commercial HA-containing CL rewetting drop (Blink Contacts ® ; AMO, Santa Ana, CA, USA) 29 increased tear volume for at least 10-20 minutes after instillation and possibly longer. These observations suggest that CLs could be used as a vehicle to deliver HA to the tear film and the eye, thus providing the benefits of HA supplementation to CL wearers. Table 2 summarizes the purported advantages of HA supplementation.
In addition to its use in eye drops and lens rewetting drops, HA is also used as a conditioning agent in certain CL multipurpose solutions (MPSs). These include Biotrue MPS (Bausch & Lomb Incorporated, Rochester, NY, USA) and some others that are used in the rest of the world. Biotrue MPS is a sterile, isotonic solution containing 1.4 MDa HA (0.01%, w/w), 30 surfactants, and disinfectants. 31 It was reported that high-molecular-weight HA in this MPS readily sorbs on a variety of both poly(2-hydroxyethyl methacrylate)-based and silicone hydrogel CL during lens storage and then elutes into artificial tear fluid in vitro over a 20-hour period. 22, 32 In addition, it increased the wettability of many CL materials. 33 Biotrue MPS clinically performs well, as both patients and practitioners express a high degree of satisfaction based upon both objective and subjective criteria, particularly end of day comfort. 34 Considering the reports on the advantages of HA in natural tears, eye drops to treat dry eye, and CL rewetting drops, Table 1 Functions of hyaluronan in the human eye retains water (~1,000× by weight) 14, 15 Thickens the tear film 27 Increases tear film breakup time [16] [17] [18] Stabilizes the tear film 5, 16, 24, 52, 53 Decreases tear evaporation rate 54 Maintains corneal wettability and prevents corneal dehydration 19, 45, 55, 56 lubricates the ocular surface during blinking and movement 9, 55 Decreases blink frequency 57 alleviates symptoms of dry eye [16] [17] [18] 24, 25, 58 Stabilizes ocular surface epithelial barrier 5, 12 promotes corneal epithelial migration 4, 5, 10 prevents free-radical-mediated, oxidative cellular damage 35, 59 Decreases ocular inflammation 60 ameliorates toxic effects of ophthalmic solution preservatives 19, 35, 36 promotes wound healing and epithelial repair 4, 5, 11, 12 increased corneal wettability 19, 45, 55, 56 Increased tear film breakup time [16] [17] [18] Decreased tear evaporation rate 54 Decreased protein and bacterial adhesion 23 Decreased corneal staining 24 alleviation of symptoms of dry eye [16] [17] [18] 24, 25, 58 Clinical Ophthalmology 2016:10 submit your manuscript | www.dovepress.com
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Hyaluronan in tears as well as literature reporting the elution of HA from lenses soaked in HA-containing solutions, it was hypothesized that lenses stored overnight in Biotrue MPS would deliver HA to a lens wearer's tear film during wear. The objective of this study was to determine whether HA sorbed from Biotrue MPS on a silicone hydrogel CL and subsequently eluted into the eye would remain present within the tear film after 2 hours of lens wear.
Materials and methods
Clinical study design
This randomized, single-masked, contralateral study was conducted in accordance with the tenets outlined by the Declaration of Helsinki and was approved by the Southwest Independent Review Board. Written informed consent was obtained from each of the 25 subjects matched for age and sex (12 habitual CL wearers and 13 non-CL wearers). This study was registered with the Clinical Trials identifier NCT01317030.
elution of Ha from contact lenses into the tear film during wear
In the first phase of the study, tears of both CL wearers and non-CL wearers were collected on each of three consecutive visits, no more than 3 days apart, and both tear volume and HA concentration were measured as described below. In the second phase of the study, the CL wearers on each of three additional consecutive visits, no more than 3 days apart, wore a senofilcon A (ACUVUE ® OASYS ® ; Vistakon ® , Jacksonville, FL, USA) control lens rinsed with Sensitive Eyes Saline (Bausch & Lomb) in one eye and a senofilcon A test lens that had been soaked in Biotrue MPS for 14 hours in the other eye. The clinician randomly assigned the eye which should receive the test lens for each patient at each visit. Tears were collected on Schirmer strips, and tear volumes were recorded at baseline and again after 2 hours of wearing the CLs. Schirmer strips were stored frozen until the analysis.
Measurement of Ha concentration in collected tears
HA was extracted by wetting thawed Schirmer strips with 0.1 mL Hanks' Balanced Salt Solution (Product Code 14025; GIBCO, Waltham, MA, USA), vortexing, and centrifuging. HA concentrations of the extracts were measured by using HA enzyme-linked immunosorbent assay (ELISA) (Product Code K-1200; Echelon Biosciences, Salt Lake City, UT, USA) and adjusted for collected tear volumes.
Statistical analysis
In the first phase of the study, baseline HA concentrations and tear volumes were measured in each eye on each of three separate visits of 12 habitual CL wearers and 13 non-CL wearers. Respective average values were calculated for each eye from the three visits of each patient, and differences between CL wearers and non-CL wearers were tested for significance by Wilcoxon rank sum test.
Each measured concentration value (expressed in ng/mL) was transformed to its natural logarithmic value to closer approximate normal distribution, and a mixed effects model was used to account for correlations obtained due to multiple observations of the same subjects. The continuous variable (subject age) was analyzed by using a linear regression mixed effects model with ln[HA] as the outcome variable. The categorical variable (sex) was analyzed by using a repeated measures analysis of variance model with ln[HA] as the outcome variable. A repeated measures analysis of variance model was used to evaluate differences in HA concentrations. Comparisons with P-values #0.05 were considered statistically different.
In the second phase of the study, 12 habitual CL wearers wore a CL rinsed with saline in one eye and a CL soaked in Biotrue MPS in the other. HA concentrations were measured in tears collected from each eye on each of three separate visits and transformed to their natural logarithmic values for statistical comparison.
Results
In total, 25 subjects matched for age and sex (12 habitual CL wearers and 13 non-CL wearers) participated in this randomized, single-masked, contralateral study.
Baseline tear volumes and Ha concentrations
Baseline HA concentrations measured from the tears of test and control subjects varied among subjects in the range from undetectable to 3.02×10 3 ng/mL. Tear volumes collected ranged from 1 to 35 µL with means of 21.0±11.6 µL from CL wearers and 19.5±11.3 µL from non-CL wearers. No significant differences between CL wearers and non-CL wearers were observed in either tear volume (P=0.57) or HA concentration (P=0.07) as summarized in Table 3 . Sex was not significantly associated with HA concentration for CL wearers (P=0.09), non-CL wearers (P=0.23), or the population as a whole (P=0.06; all probabilities based upon natural logarithm-transformed data) as summarized in 
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Scheuer et al tear concentration (ie, the older the subject, the lower the HA concentration, P,0.01), with CL wear contributing mostly to significant association (P,0.01 based upon natural logarithm-transformed data) as summarized in Table 5 .
Tear Ha concentrations after 2 hours of lens wear Table 6 shows natural logarithm-transformed HA concentrations in tears from all CL-wearing subjects. HA concentration did not differ before and after wear of saline-rinsed control lenses (Figure 1 ; P=0.38 based upon natural logarithm-transformed data) nor between Biotrue MPS baseline and saline baseline groups (Table 6 ; P=0.87 based upon natural logarithm-transformed data). A significant increase in HA concentration was observed in tears from eyes of the patients who had worn CL first soaked in Biotrue MPS when compared to baseline (P=0.01) and saline-rinsed control CL (P=0.03).
Discussion
HA is present in various ocular structures with locationspecific distribution patterns. 5 In the corneal epithelium, it is colocated with its CD44 receptor. It was reported that in the cornea HA promotes epithelial migration and wound healing 10, 11 and protects the cornea from the toxic effects of ophthalmic solution preservatives, 19, 35, 36 and in natural tears, it helps to stabilize the tear film. 5 While the concentration of HA in natural tears is reported in literature, there is no consensus as to what constitutes normal concentration, in part due to differences in measurement techniques between different studies. Berry et al studied 18 normal subjects aged 22-42 years and 15 dry eye sufferers aged 32-90 years. In this small population, HA concentration in tears from the "normal" eyes ranged from undetectable to 840.6×10 3 ng/mL, in dry eye sufferers from undetectable to 83.9×10 3 ng/mL, and in CL wearers from 1.4 to 40×10 3 ng/mL, with very low values in most samples, that is, high levels were outliers. 21 They found no change in concentration during the use of artificial tears. By contrast, Frescura et al measured an HA concentration range of 0.012-1.9×10 3 ng/mL in tears after washing eyes of some subjects with saline prior to tear collection, with a trend toward higher concentrations in females than in males. 20 Fukuda et al reported a similarly large HA concentration range of 0.036-1.565×10
3 ng/mL in tears. 37 Although the variations between studies may reflect the different collection techniques, the causes of abnormally high HA concentrations in tears are poorly understood.
In the present study, baseline HA concentrations ranging from undetectable to 3.02×10 3 ng/mL were measured, which are in the order of similar values reported by others. 20, 37 Neither CL wear (P=0.07; Table 3 ) nor sex (P=0.06; Table 4 ) affected baseline HA concentration. However, a trend toward higher HA concentration in CL wearers (Table 3 ) was observed. In contrast to Frescura et al, 20 a trend toward lower HA concentrations in females than in males (Table 4) was observed in the present study. The high inherent variability in HA concentration measurement complicates interpretation of statistical testing. The sizable differences in mean HA concentration between sample groups (207 vs 115 ng/mL for CL wearers vs non-CL wearers, respectively; 224 vs 88 ng/mL for males vs females, respectively; 304 vs 111 ng/mL for male vs female CL wearers, respectively; and 156 vs 66 ng/mL for male vs female non-CL wearers, respectively) were not statistically different, but this may reflect the small sample size and large inherent standard deviation in the measurements (295 vs 159 ng/mL for CL 
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wearers and non-CL wearers, respectively; 307 vs 83 ng/mL for males and females, respectively; 389 vs 103 ng/mL for male and female CL wearers, respectively; and 206 vs 52 ng/mL for male and female non-CL wearers, respectively) relative to the measured values themselves rather than the lack of true difference between mean values. It is also found that age is negatively associated with baseline HA tear concentration in both CL wearers and the overall study population (both P,0.01; Table 5 ). It is interesting to note that during aging, changes in the tear film lipid layer reduce tear film stability, 38 tear volume, 39 tear stability, 40 and tear film breakup time, 41 regardless of sex, although some studies found greater effect in females than in males. 38 These phenomena are consistent with decreased HA concentration in tears during aging.
The physical, chemical, and biochemical characteristics of HA make it a nearly ideal component in supplemental tears. 9 Its mucoadhesive characteristic allows the molecule to stick to solids with a relatively long residence time. 42 Tavazzi et al showed that HA readily sorbs on a Food and Drug Administration Group 1 silicone hydrogel (Safilens), filling the pores and associating with the surface. 43 Mochizuki et al reported that turnover of HA instilled on the naked eye was significantly less than the bulk aqueous flow rate, implying that HA remained on the ocular surface. 44 Hydrophilic characteristics of HA lead to increased corneal hydration and wettability. 45 In addition, it likely contributes to ocular health through its beneficial biochemical effects on ocular epithelium. 4, 5, 10 These characteristics led to the development of a number of HA-containing products for various ophthalmic conditions and procedures, including artificial tears. 8 HA-containing eye drops are successfully used to supplement tear film HA to alleviate the symptoms of dry eye. Johnson et al reported decreased ocular irritation and increased tear breakup time in patients with dry eye treated with eye drops containing 0.1% or 0.3% HA. 17 Vogel et al found eye drops containing 0.18% HA effective at decreasing both objective and subjective symptoms of dry eye. 25 Condon et al reported similar results for eye drops containing 0.1% HA. 24 Saeed et al found HA-containing gels to be effective in decreasing dry eye symptoms, including foreign body sensation, itching, burning, watering, photophobia, and feeling of dryness. 18 Similar to HA-containing drops for the treatment of dry eye, HA-containing rewetting drops are used to alleviate ocular dryness in CL wearers. 28, 29, 46 However, although eye drops provide a large bolus of HA, the residence time of the HA in the tear film is relatively short compared with the daily period of CL wear. 26 In order to address the limitations of HA delivery via eye drops, Van Beek et al proposed sorbing HA from dilute alcohol solution into CL materials capable of delivering either free HA of relatively high-molecular-weight or physically entrapped, cross-linked HA of relatively low-molecular-weight HA to the tear film and the eye. 23 They reported first-order release of free 900 kDa HA from poly(2-hydroxyethyl methacrylate)-based lenses, with half of the initially loaded HA eluted after 5 hours and 90% after 1-day incubation with phosphate-buffered saline. By contrast, both 35 and 169 kDa cross-linked HA remained bound within the lens and did not elute. Ali and Byrne designed a lens material with enhanced affinity for 
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Scheuer et al HA based upon the formulation for commercial nelfilcon A lenses by carefully selecting acrylate and methacrylate lens monomers that mimic amino acids from the HA-binding site of CD44. 47 Poly(vinyl alcohol) macromer was first mixed with 1.2-kDa HA prior to the addition of functional monomers acrylamide, N-vinyl pyrrolidone, and 2-(diethylamino) ethyl methacrylate. The diffusion coefficient of HA through the hydrogel decreased by a factor of up to 3×, depending upon the concentration and diversity of the functional monomers, resulting in half-order, controlled elution of HA .24 hours in vitro. Recently, Maulvi et al compared elution of HA from hydrogel lenses first soaked in HA solution to lenses with HA entrapped during lens fabrication. They reported that entrapment of HA at high concentration adversely affects transmittance and polymer swelling. 48 At lower concentration, lens performance was acceptable, and the mean residence of HA in rabbit tear fluid was increased when compared with eye drops. Fagnola et al measured 2.0×10 3 ng/mL HA elution from a commercial Filcon 1B Hyaluronate Gel lens (Safe-Gel; Safilens s.r.l., Staranzano, Italy) 49 after 5-day incubation with deionized water. 50 Weeks et al reported 3-7 weeks of release of HA incorporated into lenses during synthesis, depending upon lens composition. 51 Previously, elution of HA sorbed from Biotrue MPS onto nine different lens materials was measured in vitro and occurred continuously over the 20-hour time frame of the experiment. 22, 32 Thus, CLs soaked in Biotrue MPS overnight and then placed on the eye may potentially supplement tear film HA and provide the wearer with some of the advantages that are summarized in Table 2 , possibly over the entire duration of daily lens wear. In the present clinical study, HA concentrations in the tears of test subjects were measured after 2 hours of wear of senofilcon A lenses that had been either rinsed with saline or soaked overnight in Biotrue MPS. Wearing CLs rinsed with saline did not affect HA concentration in tears (267±401 ng/mL before vs 158±213 ng/mL after [average ± standard deviation]; P=0.38 based upon natural log-transformed data), whereas wearing lenses soaked in Biotrue MPS resulted in higher concentration (147±117 ng/mL before vs 389±493 ng/mL after; P=0.01) as shown in Table 6 . This likely indicates that HA from Biotrue MPS continuously elutes from the lens over at least the 2 hours of the experiment. This duration is superior to the reported transient increased HA volume in tears after instillation of HA-containing CL rewetting drops, 29 which, although effective, must be used repeatedly throughout the day to achieve the same effect. Similarly, eye drops containing higher molecular weight HA or that include excipients to increase HA residence time on the lens might reduce the frequency of instillation of rewetting drops.
As was the case in preliminary baseline HA comparisons between males and females, CL-wearing and non-CL wearing, and young and old subjects (Tables 3-5) , large differences in baseline HA concentration and relatively large standard deviations were observed in these comparison groups (147±117 vs 267±401 ng/mL for saline-rinsed CL vs CL soaked in Biotrue, MPS respectively). This again reflects the poorly understood, large inherent variability in HA concentration in tears. Until the cause of individual variation in HA concentration is better understood and controlled, statistical evaluation of this parameter will remain less than ideal in future studies.
Conclusion
In a previous in vitro study, CLs continued to elute HA over a 20-hour time period when rinsed in vitro at the rate of tear film secretion. 22, 32 The present clinical study demonstrated that HA persists in the tears of CL wearers after 2 hours of wear of senofilcon A CLs that had previously been soaked in high-molecular-weight HA-containing MPS. Further studies are required to determine over what duration of wear HA concentration in tears remains elevated above the baseline.
